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THER}IOCIIEMICALHYDROGENPRODUCTTOH WITH THE
SULFUR DIOXIDE-IODINE CYCLE BY UTILIZATION OF

DIPRASEODYMIUH DIOXYHONOSULFATE AS A RECYCLE RI?AGERT

E. I. Onstott mnd Dcrlk de Bruin

Chemistry Division
Loo Alnmos National Laboratory

Loa Alamoa, New Mexico 87545, U.S.A.

AUSTRACT

Insoluble, dipraacodymlum oxide-sulfl tc-sulfntc-hydrntca were
prepared b~ reaction of dlprnacodymium dioxymono~ulfnte with sulfur
dioxide in nqucoua media at 340K. Thcac compositions rc:lc~ed with
iodine to ylcld sulfntc in the solid phaae and hydrogen iodide in
the gaa phnao. Nigh yields of hydrogen ~odidc were mcnnured at
770K for a rcnction time of Lcn ❑ inutra. Yicldm alao drpnndcd on
the sulfite content of the Iiyrlrntc cornpositlonm. nnd were hlghcmt
when the diprnscodymlum dioxymonoaulfutc wns 60 purrcnt neutralized
with sulfurcua acid. An incrca~cd yield of hydrogen iodide waa
obtained by a second iodine oxidation nftcr ncpnr;lt inn of the first
goacoua products. A wntcr ~plittin~ thcrmorhrrntcnl cyrlc utilizing
these rcncticna is dcscribcd in which hydrc~vn is prorluccd bf
catnlytic dccnmposillon of hydro~cn lod{dc, ;Ind uxygrn rusulta from
thermal dccompoaition of the aolld product, thmt nlmo ylrlda nul-
fur dioxide nnd diprascodymlum dio~ymonoHulfnlc for rc~cyclc.

Thcrmochcmi:nl hydrogen; wnlcr ~pliLtlng: ~ynthutlc fuel: sulfur
diOXidC: iodine: hydrm~nn iodidr: diprn::rodymlurn dlnxymmum”~ul fate:
dipriIEradymium axidc-~~llflic-fitl lflllC-ll~llril~.(*H; Hulfur dloxidc-
indlnc prncrmn.
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In this paper we present reaultm on a sulfur dioxida-iodine cycl~
that utilizeo a dipraseodymium oxide-sulfite-aul fate-hydrate pre-
pared at 340K. A suitable procedure for preparation of hydratea of
praseodymium nt 295K waa not found, but the procedure at 340K la
superior to the procmdure that waa developed previously for prepar-
ation of dilnnthanum oxide-aulfitc-sul fate-hydrnt~ compoaitiona.
In addition, the amallcr hydrate numbers nre ❑ ore de~ircnble for
better water mnnagcmcnt In the cycle.

EXI}EIIIHENTAL

Ilnterinla. Kilter waa double dintillcd. Anhydroua Hulfur dfoxido
(MaLhcson) nnd iinhydroun prn~codymium nulfnte (RcHcnrch Chcmicnla,
99.9 purit~) wurc usl’d. [odlnc nnd sodium thlo~ulfnlc unnlytlrnl
cnncentrnLc~ IInd rrn~(nt bnrlum rhloride (J. T. IUikcr) wrrc unrflm
iIs wns rr.l~cnt ~tiirrh (Mnllinrkrodt).

Prcparntton of rcmctnnt. The rcnctnnt material wnm mnde by
Fhcrmal dccowpo~ition of nnhydrou~ p“uHcodymtum sulfutc in n
qUilrtZ Vf!:iHF1. pl~hlmr in nlr nr by punplng Lhe gaMcous prnducLa.
A batch of ‘iog WUH [Ihlilllllpd in 7 hr :1~ 1350X In air, ilild WClghL
loss ccn~cd undur LhrHc condlilonn.
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Analyses. Praseodymium was determined by the procedure of oxalmte
precipitation followed by ignition at 1200K. Samplea of vdriable-
composition dipraseodymtum oxide-aul fitc-sul fate-hydrmtea that
were i8ntLcd at 1350K for 5 hours or inure rcachcd constant weight
that corrcnponded to the molecular weight ~hmt was obtmincd by
thermal decomposition of the nnhydrous sulfnte in air under the
same conditions (molcculmr weight 412: calculntcd 4(79.88). Diprn-
~~odymlum i!ioxymonosulfnte thiiL wna obtmined nt 1375K by pnrtiai
removal of product gnm~s (sulfur lrioxlde, oulfur dioxide and
oxygen) by pumping hnd a mulcrulnr w~ight of 409.5. Sulfite in
products wus done by iodlmetry and sulfate U- barium sulfate as
outlined in Stnndard !4eLhods (1971). SlllfiL@ w~a converted to
sulfate with bromine prior tn the nnnlynls and Lho sulfate
c,llculnlcd by diffcronrc, A thermngravimctric pruerdurc wna used
for h~dr:llc watrr dolcrmlnalinns. The prod~ct WiIH hcnLcd in an
cvncuiilcd nmpulc with Lhc wil~cr nllowcd to condrn~e in @he
capillar~ rr.d nt dry ice Irmpcriltureo thrn nomled off. Sclcctcd
product mnmplcm wrrc nnalyitcd by atn,tdnrd x-my d!ffrnctlon
technlquca. :Ind b? tnfrnrmd ~prctruucopy by the til!r pellet
technique with a Purkln Elmer 621 iu~trumcnl.

Itidlnc oxidutlon ilnd hydroly~i~ rL’nCLIOnS. The hydrurc
componttions wmrc r~~nctpd wffh iodine in CV~cu;I~{SIl ~[ld Set.lcd
nmpulca of 2(J cubic cm Hixc in a tulic furnncc. The rnLo of
hcntlng wns nbout 6(IK p[~r minute. Afl[*r il prcdriurmln(’d tlmo the

ampule WRH iIllowed to ronl quirkly LO 500X in quench the rcnctlon.
The gnnrous pruductti w~?rc ~cpiir,it~d by rnndl-ntint!n in the rnpi]lury
cnd of Lhc umpulm, whllu coollng wlLh puwdl!rud dry tCFo nnd k,’cping
the n~lid product IIt 500~. lIYdro~rn Iodide W.IH dc~t~rmlned by
dilution with wiiLor iind tiLrnLlmn Lo pll 7 with ~odium hydruxidc.
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Sulfate analyses were not accurate enough (standard deviation 5 %)
to fix the sulfate coefficient at a number other than one. The
oxalate analysea for praseodymium demonstrated a aliRhtly high
sulfate deviation from stoichiometry (2 Z) in the diprnscodymium
dioxynionosulfnte reactant when prcpn:cd at 1350K ins~cnd of i375K.

The second column in Table 1 shows a correlnLion of writer of
hydration wit!, sulfite coefficient, where the rntio in near 2.
There is not u corrclaLion of water UK hydrntion with oxide co-
efficient, nor a corrclnt ion with ?lUlfcltc cr]~?fflciunt.

Table 1 Hffl~rt of Sulfil.e rind llydrnLc Cnl*fficicnts
- - -- - -- - -- - -- . - - -.. .. - - - . - - - ---- . - - . . . - ---- - .. .. - .. - -- - - - - -
nnd R~i]ction Cnnrlil ions on Yields of Ilydronrn Todidc.
- . ---- .. . --- --- - -.. - .- - .. .. .. - .. - - --- - . - - . - . - --- .. . - -- ---- ---- -

-- --- - - -- - -- - - - -- -- - - -- --- --- -- - - -- - - - - - - . - - .. -- .. .. .. --- --- - - - - - - - - - - -
stoirhiornotry (Pr=2) rCilCtlOll rundit~ons % yield

- . - - - --- - - - - - - - - -- - - - .. - - - - -- -- -- - -.. .. .. - . . . . .. . ------ --..-
Oxiric nul fite Vil[l’r* K mln iodinu** III

------ ------ -------- . . . . .. . .. . .. .. . .. . . .. . .. . . .. .. . . . .. . . . . . .. .. . ------ --, .._. . .. .
1.39 0.61 1.H8 c150 (’).2 5.6
1.03 0.97 2.08 66(1 (]o~ 3.7
0.85 1.15 I .98 (160 0.2 1,9
0.H2 1.18 2.03 ()()(1 ().2 2.2
0.64 1.36 2.04 ()60 oo~ 1.6
().53 Ire/,7 1.93 660 0.2 1.5
0.82 I.l H 2.03 66() 10 1.8
().82 1.18 ?.(13 700 1() 1.6
~ ~’J 1.1(+ 2.03 720 ‘)
0.H2 I.ltl 2.03 7:?’j 1: i-:;
0.H2 1.18 :! .03 720 “ 1,() 1.8
U.142 1.18 ?.03 1 ‘io I 0 1.7

1.:59 ().61 1.8H /70 1(1 1.()
1.03 (),97 2.ot! /70 I [1 2.1
J.H2 I. Ill 2.():! //(1 10 1.8

(). ‘j“J 1,/,7 ] .()’J //() 1[1 2.(-J
f). f):! I ,97 2.I”J //(1 10 ‘!.2

0. I’12 I.IH ? , ()’! 71!() 10 1.(I
0,H2 I.IH 2.0:1 }{[)[) I () :), ()

. . .. .. . . . .. . . . . . . .. .. .. .. . .
* r!:ll Ill of k’:llf~l. /!l Ill fltr. !;ulfiltl’ wil~ I ~ 0. [)5.
*4 R,ll 10 Ill I’ltllt’rill:lr lfl~lillft/::1111.llc~,
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Powder patterna of compositions in Table 1 had d-spacings typical
of stoichiometric dicerium disulfite mononulfate-4hydrate (Peter-
son, Foltyn, Onstott, 1980) except for one with the lowest sulfite
coefficient. This result is a positive indication that the neu-
tralization procedure gave stoichiometric, crystalline diprasco-
dymium disulfitc monosulfatc-4hydrate on dipraseodymium dioxymono-
sulfate as a substrate. Infrared spectra of these composiuictns
showed bnnds more typical of stoichiometric dicerium disulfite
dioxymonosul fatc-4hydrtite than bands typical of dilanthanum oxide-
sulfite--sulfatc-hy drnte compositions, thus confirming the above
conclusion.

Formation of hydrogon ioalcle by oxidation and hydrolysis of
diprascodymium oxide-sulfite-sul faLc-hydratca was much slower than
with Ianth,lnum compositions. Figrre 1 shows the compnrntivc rates
at thr optimum Lcmpcri\turc of 650K for lanthanum compositions. At
720K, for rcact~on times of 2, 10, 40 minutca, the yields of
hydrogen iodide wcrn, respectively, 9, 16, 20 pcrccnt. For expcr-
fmcntal cxpcdicncco a rcnction time of 10 minutes was adopted.
Conditions for cxpurirlcnts i~nd yields nrc listed in Table 1.

Figure 2 shows Lllilt the bPNt Lcmpcrnture for high yield of hydrogen
todide wna 77L)K.

FurLhcr utiliz;it]on. nf sulfite wns ucromplished by a second bnLch
rcnctinn of the solid product ;lfLer ~cpnraLion of the gaseous
procucts. tllcn adding Iodine nnd wiit~r nnd reheating. T h c yi~ld
of hydroficn lodldc wns incrl’il:;cd to over 40 pcrccnt with one
rerun- .Ind to 50 pcrccnt by LWO reruns. Data arc in Tublc 2.

Tnble 2 S~qucntlnl Ilydroly}]is Rt!ncLions for lncrcn:~cd

---- -- - ---- .. - - - . . - - - - .. .. .. . --- -------- -------------- . . . .. . -------- . .. .. .. .. . ------- -

1 l.lti 2.03 2.0 q(J41* 26 44
2 0.52 2 2 ~1, 12 18
3 fl.21 3 9 7 (} 5

. . .- . .. . . .. . ..- ------ .. . . .. . . .. .. . .. .. .. .. . . . .. . . . .. .. . . . . . .. .. .. . - .- - -- ... - - .. .. .- - .. - - -- -
* olhur oxld:lllmn product,s wt’rr ::11[ fur illlll [11.f)hill)ly

Ill lo{:lllf:ltls: llll~:l(! wurp P:;l.lmdl nd hy dl ffcrrncrm
.>* AT N(l(]l( ; riln 2 mId 11111 ? wt~rc nt /lOK.

rllllrlll”l”ltlll :;11 ! fur fi)l”Rlilll Oll Wl:i i“I)lllll’lIIPd hy llfl.L’l.t L)ll:I1’rvlll It)fl illld

hy ml~., !.llll~l:ll~ 111 (If !illl~lllt {.llll!llllll(l(l. ‘r{) nrrf)NnL fnr [III nf the
~illll llt~ rt)ll:;utlt~d, :1 ::l’1.{}1)(1 ::11I 1111’ prl)llllr t Wllh llJW !illl fllI’ Vill(tllC~tB

xurh nw Ihltt:.illlntno Wllllld 111’IV(?f’{}l.llltll ill:; rl.
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Dipraseodymiua composltlonn containin8 sulfur (other than
diox~monoaulfate) decomposed at 1375K to yield the dloxymonosul-
fata. Th~rmal decompositions at 1350K gave ● sulfate coefficient
of 1.02. At 1325K the stable decomposition product had a sulfate
coefficient of 1.13. Thcae culfmte coefficients were calculated
froa data for alcmcntal unalyac”o for praseodymium.

DISCUSSION

The coapoaition with tho best sulfite coefficient for hydrogen
iodide production waa 60 percent neutralized with a coefficient of
1.2 ns ~hown in F18ure 2. In Figure 4 la the cycle for hydrosen
production, baaed on this fractional atoichiometry. A 50 percent
]icld of hydrogen iodide ia assumed with nn cppropriste separation
of iodine from hydrogen iodide, nnd a totnl of 3 oxidation plus
hydrolysis reactlona. SpliLtinS of hydrogen iodide acco:dlng to
the ❑ethod of Shlndo and co-workers (1984) would yield hydrogen and
iodine for recycle. Thermal decomposition of the solid pruducc
would yield sulfur dioxide for recycle, nnd oxygen for the material
balance. Only part of the sulfite ie beneficially oxidixed to
nulfate, so additlonnl heat ❑ust bc pruvlded for conversion of the
eolid product back to diprncaodymiua dioxymonosulfuLe for recycle.
This heat ponnlly for unwanted ~ulfur profiucLa would bc lcsscncd b~
b~lrning of the sulfur for heat rccovcry. Id/or injection of sul-
fur dioxide from pollutlon ❑ ourrca. The best iodine partial
pressure could bc utilized, since our rcsulte show a rclnttvcl~ low
senaitivty of lodinc above the stoichiomctric rcqulrcmcnt.

Water utilization cfflcicney in this cycle is hcttcr than in the
dil~nthnnum cycle hocnusc of the fnctor of 2 in the hydrntc number
of Lhc oxidaticn rcnctant, which also mupplies the wntcr for the
hydrogen iodide formntlon.

The sturtlng hydrntu compoaitlon I* caeily prepared in 20 ❑inuLua,
plus thm tlmc for rvmoval of unrcnctcd sulfur dioxlrlc. Ilydrogan
Iodldc yinlda were op~imum In lman Ihnn 40 minuLcs, rind the thcrmnl
dccomposit{on of hydro~rn inrlidc with a catnlyst would bc rnpld
(Shindo nnd co-workcrm, 1[IH4). The lnnt runction in the cycle to
ylcld oxygon nL 1350K should be cumplotm wlthln 10 ❑ inuten
(Ilo]lnhnugh nnd Iloumnn, 1981). Thus the time intcrwal for nna
pro~uctlon cycle could bo lUSS thnn 2 hourti. POHllillly a Ciltill~Mt
■dL{’rlill CC211111 IJF Inrnrpornlvd [IILO !ha d[llrnsrl)dy~lum dloxymono-
#II] fiILu fvvd mul(’rlnl 10 lmprovc ylc*ldx of dr~irt’d ~:ulfur produrlso
and [1I no Improv[m dl’rllmpt):; ll ion rilt LPH.
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------- ------- ------- --------------------- ------- ------------------

Pr202S04 +

Pr~02S04 +

340K “
1.2 S02(aq) a [pr202S04]Oa 4*[pr2(S03)2S04 *4 H20]0.6

T

0.612

J

770K

1350K
1.2s02 + 0.302 * [pr202s041~m4*[pr2(so3)(so4)210.6

+ 1.2HI + 1.8H20

J 750,>

0.6112 + 0.612

------- ------ ------ ------ ------ ------- ------ ------ ------- ------ ------

Fig 4 Thermochemical hydrogen cycle with fractional stol-
chiomctr~ that wtjllzes diprascodymium dioxymonosulfate.
A 50 percent yield of hydrogen iodide is assumed.
only the iodine conaumcd and starting hydrd?.e water are
included in the material balance.


